Gephyrin is an essential and instructive molecule for the formation of inhibitory synapses.
Introduction
Efficient transmission of synaptic signals in the central nervous system is dependent on high local concentrations of neurotransmitter ion channels in the postsynaptic membrane of excitatory and inhibitory synapses. Glycine is an important inhibitory neurotransmitter and its postsynaptic receptors are an essential component of inihibitory nerve terminals (1) (2) (3) .
Glycine receptors (GlyRs) are pentameric anion channels generally consisting of two different subunits with an α 3 β 2 composition (4). Crucial for proper functioning of GlyRs is their clustering which generates a high packing density of neuroreceptors in the postsynaptic membrane. Gephyrin, a highly expressed neuronal protein, was found to co-localize with glycine (5, 6) and GABA A receptors (7, 8) . Gephyrin is crucial for the clustering of both types of inhibitory neuroreceptors (9) and anchors these receptors to the subsynaptic cytoskeleton.
A direct binding of gephyrin to microtubules was shown (10) , which is possibly mediated by a "tau" motif (11) . So far no direct interaction with microfilaments has been demonstrated, but pharmacological studies indicate a function of actin filaments in determining the cluster size (12) . Therefore, it is not surprising that binding of gephyrin to key regulators of microfilament dynamics such as profilin I, neuronal profilin IIa and microfilament adaptors of the Mena/VASP family including neuronal Mena has been reported recently (13) . The binding site of gephyrin on GlyR has been mapped to a stretch of 18 amino acids located within the large cytoplasmic loop connecting transmembrane helices three and four of the GlyR β subunit (GlyRβ−loop) (14) , but the binding site on gephyrin is not known. Based on site directed mutagenesis of the identified GlyR peptide the nature of this interaction is considered hydrophobic (15) .
A model for the gephyrin-mediated formation of GlyR clusters during synaptogenesis has been proposed (16) . The release of glycine from a pre-synaptic terminal leads to a years. Gephyrin was found to interact with a number of proteins which are involved in diverse cellular processes, such as the translational regulator RAFT1, a member of the rapamycinsensitive signaling pathway, the neuronal guanine nucleotide exchange factor collybistin (17) which acts on small G proteins of the Rho/Rac family, the GABA A receptor associated protein GABARAP (18) , and a component of motor-proteins, the dynein light chain (19) .
Gephyrin expression is not restricted to neuronal tissues. Transcripts are also found in liver, lung, kidney, heart and muscle (6, 11) . In addition, alternative splicing results in more than ten different gephyrin transcripts as found in rat (6, 20) , mouse (11) and human (21) . The primary structure of gephyrin (6) shows strong homology to bacterial and eukaryotic proteins involved in the biosynthesis of the molybdenum cofactor (Moco). Moco forms the catalytic center of all molybdenum containing enzymes with the sole exception of nitrogenase.
Gephyrin features two conserved domains, an N-terminal G domain (Geph-G) and a Cterminal E domain (Geph-E), which are homologous to E. coli MogA and MoeA, respectively. Both domains are connected by a third central domain (Geph-C), which has a length of 160-200 residues depending on gephyrin splice variant. It has been demonstrated that besides its function in neuroreceptor clustering gephyrin indeed catalyzes the final step of Moco biosynthesis, the attachment of molybdenum to the pyranopterin dithiolene precursor (22) . A loss of gephyrin in mice (23) or humans (24) results in Moco deficiency, a severe metabolic disorder for which until now no therapy is available (25) .
Structural information on gephyrin is currently only available for the G domain (26, 27 ) that folds into a single domain with an α/β fold and forms tightly interacting homotrimers. The crystal structure of the E. coli MoeA protein, which is homologous to Geph-E, revealed a dimer consisting of two elongated monomers. Each monomer is composed of four distinct domains that in the following discussion will be referred to as the sub-domains of
Geph-E. The E domain of the homologous plant protein Cnx1 (28) also dimerizes and Geph-E has been postulated to be dimeric as well (29, 30) . Based on the distinct oligomerization by guest on http://www.jbc.org/ Downloaded from 5 potentials of the G and E domains the formation of a hexagonal gephyrin scaffold located underneath the postsynaptic membrane was suggested (29) , which would allow efficient clustering of large numbers of GlyRs (1) . The formation of these clusters might be either dependent on other gephyrin-binding partners (13, (17) (18) (19) 31) including GlyR itself, and/or dependent on the tissue-specific expression of different gephyrin splice variants (6, 11, 20, 21) .
The central domain of gephyrin has been postulated to mediate many of the interactions between gephyrin and its binding partners (1), since it is basically absent in other eukaryotic homologs (32) and subjected, at least in humans, to splicing with high complexity in neuronal tissues (21) . There is, however, no direct experimental evidence for its participation in any of the binding interactions.
Here, we present the biochemical characterization of gephyrin, its domains and their in vitro interaction with a 49 residue long peptide, corresponding to residues 400-448 of the large cytoplasmic loop of the GlyR β-subunit (GlyR β−loop). Our studies demonstrate that this interaction involves a high-and a low-affinity binding site and is mediated by sub-domain III of gephyrin's E domain.
7 β−loop-intein and GlyR α−loop-intein) in the E. coli strain BL21 (Stratagene). Cells were induced with 1 mM IPTG at a density of A 600 =0.5 and were harvested 4 h after induction.
Purification of recombinant proteins
For protein purification cells were resuspended in the appropriate lysis buffer, passed twice through a French Pressure cell, sonicated and centrifuged. All His 6 -tagged gephyrin forms were initially purified using a Ni-nitrilo triacetic acid affinity column (Qiagen) at 4° C according to the instructions of the manufacturer with the sole exception that all buffers used for this and all subsequent purification steps contained 5 mM DTT. Protein containing fractions were collected and buffer was exchanged to Q-buffer (20 mM Tris/HCl, 50 mM NaCl, pH 8.0) using either PD10 desalting columns (Amersham-Pharmacia) or dialysis.
Geph-E was purified at 4° C using a chitin column according to the instructions of the IMPACT-TWIN protein expression and purification system (New England Biolabs).
Cleavage of Geph-E from the N-terminal intein fusion was induced by a pH and temperature shift (100 mM NaCl, 20 mM Tris/HCl, 5 mM DTT, 1 mM EDTA, pH 7.5. T= 25° C) and subsequent incubation for 24-48 h.
After affinity purification the different gephyrin forms were further purified by anion exchange and size exclusion chromatography. Proteins were loaded onto a SourceQ15 column 
Dynamic light scattering (DLS)
DLS experiments were performed at 25° C with a DYNAPRO instrument (Protein Solutions) using 15 µl protein solution. Protein concentrations were adjusted to yield a count rate of 10 5 -10 6 at 100% laser power. For each experiment 30 individual measurements of 10 s acquisitions were collected and analyzed using the program DYNAMICS (Protein Solutions).
In vitro translation
For in vitro translation experiments pcDNA3-based gephyrin constructs described earlier (13) were used. Additional constructs for the expression of gephyrin P2 variants with deletions of
Geph-E sub-domains ( 
Isothermal titration calorimetry
Prior to all ITC experiments the gephyrin and GlyRβ−loop samples were extensively dialyzed against large volumes of identical buffer (250 mM NaCl, 10 mM Tris/HCl, 1 mM BME, pH Samples were analyzed by SDS-PAGE (gephyrin P2 and Geph-E) and Tricine-PAGE (GlyR β−loop), respectively. The Coomassie-stained protein bands were analyzed densitometrically as described above. In order to quantify the measured band intensities known amounts of protein were loaded on the same gel and used for calibration.
Analytical size exclusion chromatography was performed using a HR10/30 Superdex temperature and loaded onto the column. Absorption of the eluting proteins was monitored at 280 nm and the peak area of the GlyRβ−loop elution was compared to runs containing the same amount of peptide in the absence or presence of equimolar amounts of binding partner.
The Superdex 200 column was calibrated with thyroglobulin (670 kDa), bovine gamma globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa) and vitamin B 12
(1.35 kDa) in order to estimate the apparent molecular mass of the analyzed proteins. Peak areas were integrated using the program UNICORN (Amersham-Pharmacia).
Homology modeling of Geph-E
Using the SWISS-PDBVIEWER (http://www.expasy.ch/spdbv), a structural model of Geph-E was generated based on the structure of E. coli MoeA (29) . When the resulting Geph-E model was superimposed onto MoeA, an overall root mean square deviation of 0.83 Å was obtained for 387 out of 425 Cα atoms which is similar to the experimentally observed deviation of 1.11
Å between Geph-G and E. coli MogA (26) . (6)), the G domain (Geph-G), the G domain with the central domain (Geph-GC) and the E domain (Geph-E) were expressed in E. coli and purified to homogeneity ( Fig. 2A, B) . In order to simulate a form of gephyrin that might be present in the proposed gephyrin clusters
Results

In vitro binding of gephyrin to the GlyR
(1,29) we have constructed a chimeric protein containing a second E domain fused to the Cterminus of gephyrin (P2-EE). As a bridging segment between the tandem E domains 20
residues of the C-terminal end of Geph-C (residues 307-326) were incorporated between both E domains ( Fig. 1 ).
Co-precipitation with immobilized GlyR β−loop ( Fig. 2A ) revealed a strong binding of gephyrin P2, Geph-E and P2-EE to the GlyR β−loop, where 50-80% of the loaded protein was detected in the pellet. In contrast, virtually no binding to the GlyR β−loop was found for the G domain without (Geph-G) or with the central domain (Geph-GC). A control experiment using intein-coated chitin beads showed only very weak bands in the pellet fraction for all five proteins used in the assay (Fig. 2B) . The observed unspecific binding corresponds to less than one tenth of the intensity found for GlyR β−loop precipitation with all E domain containing gephyrin forms. In case of Geph-G and Geph-GC the amount of sedimented protein is similar in both experiments, indicating a weak unspecific co-precipitation with the intein-chitinbinding fusion, which was present in both experiments. Another control experiment was performed to exclude unspecific binding of the hydrophilic and positively charged GlyR β−loop by using the corresponding, but somewhat larger cytoplasmic loop of the α1-subunit of GlyR (GlyR α−loop). Residues 346-417 of GlyRα−loop were expressed and purified similar to the GlyR β−loop and subjected to pull-down experiments (Fig. 2C ). In line with previous studies (14) neither gephyrin P2 nor any of its individual domains were found to bind to the GlyR α−loop (Fig. 2C) ; only a slight background as seen with the intein-beads alone was observed (Fig. 2B ). These experiments demonstrate that binding experiments involving the GlyR β−loop faithfully reproduce the specific interaction between the GlyR and gephyrin. In addition, GlyR β−loop co-sedimentation experiments were also performed in buffers with different ionic strengths varying from 0-1 M NaCl, however, no significant effect on the binding of gephyrin was observed (data not shown). These results demonstrate that the C-terminal E-domain of gephyrin interacts with GlyR.
To verify the results of the co-sedimentation assay, dot overlay experiments were performed using in vitro translated and 35 S labeled gephyrin, Geph-GC and Geph-E (Fig. 2C) .
These experiments show interactions of gephyrin P2 and Geph-E with the GlyR β−loop and no binding of Geph-GC, thus confirming the results of the co-sedimentation assay ( Fig. 2A) .
To further narrow down the binding site on Geph-E four different sub-domain constructs of gephyrin ( Fig. 1) were used for the binding assay. The deletions are based on the domain structure of E. coli MoeA (29) . Among these sub-domain constructs only P2-EIII showed significant binding in the dot overlay, whereas no signal was detected with either P2-EI/II or P2-EIV (Fig. 2C) . The labeling efficiency differed between the various proteins ( Fig. 2D) with P2-EIII being labeled significantly weaker, which in turn further substantiates the observed binding to the GlyR β−loop by this sub-domain. by SDS-PAGE (Fig. 3A-B) . Band intensities were measured densitometrically and correlated with the corresponding amounts of protein in each fraction. Unbound gephyrin in the supernatant was plotted against bound gephyrin in the pellet. Fitting of the data revealed a K d
value of 11 ± 3 µM for gephyrin P2 and 6 ± 2 µM for Geph-E binding to the GlyRβ−loop (Fig. 3C-D) .
ITC studies of gephyrin-GlyR interaction
To analyze the affinity of gephyrin to the GlyRβ−loop in more detail, isothermal titration calorimetry (ITC) experiments were performed with gephyrin P2 and Geph-E (Fig. 4A, B) .
Irrespective of whether full-length gephyrin or Geph-E were used the binding isotherms showed a complex pattern which was characterized by a short initial increase in the magnitude of the heat released upon injection followed by the expected decrease as characteristic for an exothermic binding process (Fig. 4A, B) . This initial phase, represented by the first ~5-8 injections, has not been included in the data analysis, since it corresponds to a stoichiometry of less than 0. 
Determination of the binding stoichiometry
In order to determine the binding stoichiometry between the GlyR β−loop and gephyrin we have performed binding experiments with excess GlyR β−loop (200 µM). Separation of protein-bound and unbound GlyRβ−loop was achieved by rapid (60 sec) size exclusion chromatography followed by SDS-PAGE analysis (Fig. 4C) . The amount of bound peptide was determined densitometrically by comparing the band intensities with known amounts of GlyR β−loop on the same SDS-gel (Fig. 4C, D) . to Geph-E and gephyrin P2 can be viewed as a not completely saturated second binding site.
Oligomeric state of gephyrin and Geph-E
Because the oligomeric state of gephyrin is crucial for its function in neuroreceptor clustering we determined the oligomeric states of gephyrin P2, Geph-E and P2-EE by analytical size exclusion chromatography and DLS. Gephyrin P2 eluted from the Superdex 200 column at 10.6 ml corresponding to an apparent molecular mass of 396 kDa (Fig. 5A ). The closest theoretical masses would be 246 kDa for a trimer or 492 for a hexamer. Assuming a trimer, the higher apparent mass could be due to an elongated shape of the molecule resulting in a larger hydrodynamic radius. In DLS experiments (Table 1 ) a mass of 358 kDa was observed which is closer to the trimer than to the hexamer. In addition, a minority of gephyrin P2 was eluted at 9.1 ml possibly indicating the presence of a larger oligomeric form (Fig. 5A ). Geph-E eluted as single peak at 13.1 ml corresponding to an apparent molecular mass of 121 kDa, which is above the dimer mass of 92 kDa (Fig. 5B ). In accordance with that, DLS experiments revealed a molecular mass of 126 kDa (Table 1) . Finally the chimeric P2-EE (Fig. 5C ) showed a very similar elution profile to P2 with a single peak at 10.5 ml (400 kDa) being close to the theoretical mass of the trimer (381 kDa) that was also confirmed by DLS (445 kDa, Table 1 ). Taken together the P2 and P2-EE data, the most likely explanation is a trimeric arrangment of both molecules. The increased molecular mass of the P2-EE trimer (+135 kDa compared to P2) due to the additional E domain apparently does not alter the hydrodynamic radius significantly (Fig. 5C , Table 1 ). This suggests that the two linked E domains dimerize as seen in Geph-E resulting in a more spherical molecule compared to gephyrin P2. In summary, we conclude that Geph-E forms a dimer, but the E domain in gephyrin P2 is monomeric. This could be the result of a conformational change of the E domain, or a partial inaccessibility of the E domain interface. The extensive trimer interface of the G domain already observed in the crystal structure of Geph-G (26, 27) ensures that fulllength gephyrin and P2-EE form trimers.
Size exclusion chromatography of gephyrin-GlyR β β β β− − − −loop complexes
After analyzing the molecular masses of gephyrin, Geph-E and P2-EE, we wanted to monitor GlyRβ−loop binding to gephyrin using analytical size exclusion chromatography. The isolated GlyR β−loop has an apparent molecular mass of 7 kDa, close to the theoretical mass of 5.5 kDa for a monomeric peptide (Fig. 5A-C, dotted lines) . P2, P2-EE and Geph-E (5-10 nmol) were incubated with equimolar amounts of GlyR β−loop prior to injection onto the size exclusion column. The elution profile of gephyrin P2 with GlyR β−loop (Fig. 5A) shows a significant decrease of the GlyR β−loop peak area by 29% due to binding of the peptide to P2.
No dramatic shift of the P2 trimer peak was detected. In case of saturation with six bound peptides per P2 trimer the molecular mass would be shifted by 13.6%, an increase that can barely be resolved under the experimental conditions. In contrast, Geph-E shows a significant peak shift of 0.2 ml after GlyRβ−loop binding due to a 24.2% mass increase in the presence of the peptide (Fig. 5B) . The peak area of the GlyR β−loop was reduced by 40% upon binding to Geph-E, indicating either a slightly stronger binding of the loop compared to P2, or a reduced dissociation due to a decrease in the mass difference between the gephyrin fragment and the peptide. Fig. 5C shows the elution profile of P2-EE after GlyR β−loop binding that again is not altered in its retention time as already seen for gephyrin P2. In this case the peak area of the peptide was reduced by 71%, which is in line with the fact that this chimeric protein contains twice as many GlyR binding sites as gephyrin P2. These results demonstrate again that dimerization of Geph-E is not a prerequisite for GlyR binding, since the GlyR peptide binds to P2 and P2-EE. On the other hand, the experiments did not reveal the 18 formation of higher oligomeric forms of gephyrin in the presence of the GlyR peptide, suggesting that additional factors are needed to promote gephyrin oligomerization.
The size exclusion chromatography data were confirmed by DLS experiments (Table   1) , which revealed no dramatic changes in the molecular masses of Geph-P2, Geph-E or Geph-EE upon addition of the GlyR β−loop. Even after several hours of incubation the protein solutions were still monodisperse ruling out any GlyR β −loop-mediated oligomerization of gephyrin. Furthermore, in all three binding experiments a mass increase was observed showing again the binding of the GlyR β-loop.
Discussion
The pull-down assays with full-length gephyrin and its domains presented here clearly identify the E domain of gephyrin as the binding site for the GlyR. This finding is somewhat surprising, since the central domain has been generally assumed to mediate neuro-specific functions of gephyrin (summarized in (1)). A similar finding has been made recently with respect to profilin, which was also shown to bind to Geph-E (13) and not to the proline-rich central domain as suggested earlier (33) . Since profilin was affinity precipitated with endogenous gephyrin from mouse or rat brain extracts and recombinant gephyrin using in both cases the GlyR β−loop as bait the binding sites for the GlyR β−loop and profilin on gephyrin seem to be independent of each other (13) . Besides the central domain also Geph-G has been postulated as GlyR-binding site because pull-down experiments with the GlyR β−loop and different gephyrin splice variants were dependent on the presence of an intact G domain (20) . The data presented here, however, agree well with the recent study of Rees et al. gephyrin and 0.2 µM for Geph-E. These low dissociation constants also explain why gephyrin co-purifies with the GlyR, a fact that contributed to its initial discovery (5,6) which was also used to demonstrate the profilin-gephyrin binding in brain extracts (13) . Using ITC, a second binding site for the GlyRβ−loop with approximately 50-fold lower affinity has been found for both gephyrin and Geph-E with dissociation constants of 30 and 11 µM, respectively.
Presumably, the two binding events could not be separated in the pull-down experiments and We could also show that the basic oligomeric form of gephyrin is a trimer due to the strong interactions between the G domains (26, 27) , which is somewhat surprising since the isolated E domain most likely is dimeric. There might either be sterical hindrance that prevents dimer formation of the E domains when present in holo-gephyrin, or other yet unknown inter-domain contacts between the G and E domains or the central domain and the E domain in gephyrin could stabilize the monomeric form of the E domain. However, dimerization of Geph-E within holo-gephyrin appears to be still possible, since the P2-EE variant with a tandem E-domain showed a hydrodynamic radius similar to P2 gephyrin as judged by size exclusion chromatography, thus suggesting that the second E-domain is folded back on the first E domain forming a rather compact molecule. Therefore, the question arises, what regulates dimerization of the E domain in holo-gephyrin, a cellular process that might be crucial for the formation of the proposed hexagonal network essential for neuro-receptor clustering (1, 29) .
Pull-down assays and ITC experiments also demonstrate that GlyR-binding occurs irrespective of whether an isolated monomeric E domain is present as in the case of hologephyrin, or a dimeric E domain as in Geph-E. Data from both experiments revealed similar binding constants for P2 and the E-domain, thus suggesting that the GlyR binding site on gephyrin is restricted to an E domain monomer. Additional sub-domain localization identified sub-domain III as the binding site for GlyR.
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The question arises, which region of Geph-E might be surface exposed and unique to vertebrate gephyrin orthologues in order to promote GlyR binding? The sequence homology between Geph-E and E. coli MoeA (35% identity for 389 residues) was sufficient to generate a homology model for Geph-E (Fig. 6A ) based on the structure of E. coli MoeA (29). As we have identified sub-domain three in Geph-E as the major binding site for the GlyR it is not surprising that the homology model of Geph-E shows two additional surface loops (Fig. 6A , red domain) that are derived from vertebrate specific insertions in the primary sequence level of gephyrin (Fig. 6B, L1 and L2 ). Whereas the L2 site is also modified in plant, insect and nematode sequences, L1 seems to be unique to vertebrate gephyrin sequences. Both surfaces loops are separated by about 8 Å and harbor charged as well as hydrophobic residues, the latter have been already implicated in mediating gephyrin-GlyR binding (15) . It is also interesting to note that both loops share a common sequence motif (LDID) that might be part of both predicted binding sites of the GlyR β−loop. Furthermore, in Drosophila melanogaster
and Caenorhabditis elegans these two gephyrin loops are significantly different (Fig. 6B, L2 ), or missing (Fig. 6B, L1 ), which agrees well with the fact that these organisms do not contain glycine receptors (Fig. 6C) . Consequently, in all available vertebrate sequences of GlyRs the gephyrin-binding site (GlyR β−loop) is extremely conserved reflecting its importance for efficient binding to gephyrin (Fig. 6A, B) .
If the GlyR binds to the region identified in the Geph-E sub-domain three, dimerization of Geph-E, which takes place on the opposite site of the domain, would not be affected, as experimentally confirmed with Geph-E and P2-EE. In terms of the hexagonal scaffold that gephyrin has been predicted to form, the data presented here suggest that binding of the GlyR can occur prior to gephyrin multimerization. The preformed gephyrin-GlyRcomplexes could form the proposed hexagonal network (1,29) by a subsequent single-step aggregation where only the dimerization of the E domain has to be regulated. It has been
shown that Ca 2+ influx triggers the formation of gephyrin clusters (16) . Possible candidates for a regulatory function are profilin and collybistin. For the latter it has been shown that collybistin II is able to induce gephyrin-dependent GlyR-clustering in HEK 293 cells, and the 1) The molar ratio for the co-incubation experiments of various gephyrin forms with GlyRβ−loop (5.8 kDa) was one to four. Samples were incubated for 10 min at room temperature before measurement.
Tables
2) Concentration and 3) oligomeric state is given for the corresponding gephyrin form. 4) The theoretical molecular mass is listed for the corresponding oligomeric state of each gephyrin form. The mass of the complex was calculated assuming a full saturation with GlyR β−loop (two GlyR β−loops bound to each E domain monomer). 
